Pulmonary infections and dysfunction are frequent outcomes during the development of immunodeficiency associated with human immunodeficiency virus type 1 (HIV-1) infection, and obtaining a better understanding of the immunologic changes that occur in lungs following HIV-1 infection will provide a foundation for the development of further intervention strategies. We sought here to identify changes in the pulmonary immune environment that arise during simian immunodeficiency virus (SIV) infection of rhesus macaques, which serves as an excellent model system for HIV-1 infection and disease. To examine the gene expression profiles of macaque lung tissues following infection with the pathogenic SIV/DeltaB670 isolate, we performed cDNA microarray hybridizations with lung total RNAs using two commercially available cDNA arrays and a custom-fabricated, immunologically focused macaque cDNA microarray. In situ hybridization and real-time RT-PCR were performed to provide additional analyses of gene expression. Among the genes exhibiting the highest level of induction in lung tissues were the IFN-g-inducible chemokines, CXCL10/IP-10 and CXCL9/Mig. In situ hybridization and real-time RT-PCR strongly supported these findings. Correlation analyses revealed that the levels of expression of IFN-g, CXCL9/Mig, and CXCL10/IP-10 mRNAs were all strongly positively correlated, and that CXCL10/IP-10 mRNA and Pneumocystis carinii rRNA were positively correlated. Taken together, these findings demonstrate that inflammatory chemokines are among the most differentially expressed mRNAs in macaque lung tissues during systemic SIV infection of rhesus macaques, and provide insight into the complicated events occurring in the lung tissues during HIV-1 infection in humans.
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Introduction
The lungs are a large mucosal interface between the host and the environment, which in the adult human is estimated to be 75 m 2 [1] . AIDS-defining illnesses that develop during the course of HIV-1 infection frequently involve the lungs. In retrospective analyses of pathologic specimens from HIV-1-infected individuals at autopsy, 75e85% of cases demonstrate pathologic involvement in the lung [2] . Among the most common pulmonary pathologies are those that involve infection by opportunistic pathogens including Pneumocystis carinii, Mycobacterium tuberculosis, Mycobacterium avium complex (MAC), and cytomegalovirus [3, 4] .
Infection of rhesus macaques with pathogenic strains of simian immunodeficiency virus (SIV) serves as an excellent model system for HIV-1 replication and disease induction, including increased susceptibility to pulmonary infections and pathology [2, 5] . The mechanisms leading to increased pulmonary complications, though, are incompletely understood. The extent to which local SIV replication contributes to changes in immune function in the lungs of SIV-infected rhesus macaques is not clear, although viral replication in lung tissues is not extensive during the acute or chronic stage of infection [5e7] . In contrast, SIV productively infected cells can be abundant in lung tissues during AIDS, and increased levels of viral replication in the lungs have been shown to emerge in some cohorts of macaques during the transition from clinical latency to AIDS [5, 6, 8] . Similar to HIV-1 infection of humans, SIV infection of rhesus macaques frequently leads to pulmonary diseases, such as P. carinii pneumonia [9, 10] . Although the mechanisms by which HIV-1 and SIV infections reduce the ability of infected hosts to resist pulmonary infections and pathology have not been fully elucidated, it is likely that HIV-1 and SIV induce changes, directly and indirectly, to the pulmonary immune environment.
To identify changes occurring in lung tissues during SIV infection, and thereby gain insight into mechanisms leading to pathologic outcomes, we have used three different cDNA microarrays, as well as in situ hybridization and real-time RT-PCR, to measure changes in gene expression. One of the cDNA arrays was a novel macaque cDNA microarray, which we generated to contain >150 immunologically relevant rhesus macaque cDNAs. Using these approaches, multiple IFNinducible genes were identified as differentially expressed, including the IFN-g-inducible chemokines, CXCL9/Mig and CXCL10/IP-10, which were among the most highly upregulated genes during AIDS. These findings indicate that both type I and type II IFNs are components of the host response to infection and its consequences, and contribute to restructuring of the pulmonary immune environment during pathogenic SIV infection.
Materials and methods
Animals and tissue processing
All animal studies were performed under the approval and guidance of the University of Pittsburgh Institutional Animal Care and Use Committee. The 12 adult rhesus macaques (Macaca mulatta) of Indian origin used in this study, and their clinicovirologic states, have been previously described [7, 11] . Paraformaldehyde-fixed and snap-frozen tissues were available from these animals. Total RNA was extracted from homogenized frozen tissues as described [11] .
Human cDNA filter array
cDNA labeling, DNA array hybridizations and washes, and data extraction and analysis were performed as described [11] , using the human cytokine filter arrays and cDNA labeling and hybridization kit (R&D Systems, Minneapolis, MN). Equivalent masses of total RNA were combined to generate pools of RNA from rhesus macaques that were uninfected (macaques M5600 and M6600), acutely SIV infected (M5499, M5699, M0999, M5899 and M5999), or SIV infected and developing AIDS (M5199 and M1799).
Human V cDNA microarray
Pooled total RNAs (150 mg) from the uninfected macaques (M5600 and M6600) and from two macaques with AIDS (M1799 and M5199) were sent to Incyte Genomics (Palo Alto, CA) and analyzed using the Human V cDNA microarray. To assure that the data analysis was based only on the most reliable measurements, the data were subjected to stringent filtering. A microarray signal (GEMToolsÔ 2.5 software, Incyte) was deemed reliable if the intensity was !250, the signal-to-background ratio was !2.5, and the signal from the spotted area was !40%. To allow for comparative analysis, genes were selected only if all signals for different disease states passed the quality-control thresholds. A significant differential expression value was generally considered to be AE2-fold. Out of 9100 cDNA probes on the microarray, 45 passed these stringent criteria and were identified as being differentially expressed.
Rhesus macaque cDNA microarrays
To generate a custom, macaque cDNA microarray, cDNAs were cloned from rhesus macaque tissues, DNA sequenced, PCR amplified, and spotted in sextuplicate onto Corning Ultra-GAPS slides (Corning Inc., Corning, NY), using the Affymetrix 417 Arrayer (Affymetrix, Santa Clara, CA). Each rhesus macaque cDNA was PCR amplified with a vector-specific forward primer and a gene-specific reverse primer. Spotted arrays were baked for 3 h at 80 C and stored at room temperature. Prior to hybridization, arrays were hydrated over boiling water for 3 s, UV-crosslinked (1200 mJ), incubated in 2-propanol for 15 min at room temperature, submersed in boiling deionized water for 10 min, air dried, and equilibrated to 50 C.
Labeling of total RNA (2 mg) was performed using the 3DNA Array 350 Expression Array Detection Kit (Genisphere Inc., Hatfield, PA) according to the manufacturer's recommendations. With this two-step system, RNAs were reverse transcribed using Array 350RP RT primers, ligated to dendrimer-specific capture oligonucleotides, and after array
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hybridization and washing were labeled by subsequent hybridization with Cy3-3DNA or Cy5-3DNA detection reagents. Labeled cDNAs in 25 ml of hybridization buffer (Genisphere) were incubated at 75e80 C for 10 min, followed by incubation at 50 C for 20 min before being applied to the pretreated slide. Slides were hybridized in a hybridization cassette at 50 C overnight in a water bath and then washed 12 min sequentially in 2ÂSSC/0.2% SDS buffer (60 C), 2ÂSSC buffer (25 C), 0.2Â SSC buffer (25 C), followed by 2 min in 95% ethanol (25 C) . Slides were dried by centrifugation at 1000 rpm for 2 min in a 50 ml conical tube and re-equilibrated to 60 C. 3DNA capture reagents were then hybridized to the cDNA/dendrimer complexes hybridized to the probe cDNAs on the array, for 3 h at 50 C. Slides were then washed following the same protocol used after the cDNA hybridization. Hybridized and washed arrays were scanned with the Affymetrix 418 scanner (Affymetrix, Santa Clara, CA). Scanned TIFF images of Cy3 and Cy5 signals were analyzed using Imagene 5.5 software package (Biodiscovery Inc., Marina del Rey, CA). For these studies, we used the augmented reference design [12] , in which each sample was hybridized against the same reference, which was pooled total RNA from two uninfected macaques. Signal intensities for individual lung RNA samples (Cy5) were normalized to the mean signal intensities for housekeeping genes expressed above background (mean of negative control spots plus two standard deviations), followed by normalization to the data acquired for the reference RNA sample (Cy3) hybridized and detected on the same slide. Student's t-tests and ManneWhitney nonparametric tests were performed to identify mRNAs that were differentially expressed (P < 0.05) between disease states.
Real-time RT-PCR
Total RNAs obtained from homogenized, snap-frozen tissue specimens were examined using real-time RT-PCR as described [13] . The endogenous control used in these studies to normalize for input RNA was b2-microglobulin (b2m). PCR reactions were cycled at 95 C for 12 min, followed by 40 cycles of 95 C for 15 s and 60 C for 1 min on an ABI Prism 7000 Sequence Detection System (PE Applied Biosystems). Primers were designed using the Primer Express software package (PE Applied Biosystems) and consisted of the following sequences: SSRhMigF2 (5 0 -CAGATTCAGCAGATGTGAAGGAA-3 0 ), SSRhMigR2 (5 0 -ACGTTGAGATTTTCTAACTTTCAGAACTT-3 0 ), SSRhIP10 F4 (5 0 -TTGCTGCCTTGTCTTTCTGACTCTAA-3 0 ), and SSRh IP10R4 (5 0 -AATTCTTGATGGCCTTCGATT-3 0 ). The primer sequences for b2m consisted of the following sequences: SSB2 MF4 (5 0 -ATGAGTATGCCTGCCGTGT-3 0 ) and SSB2MR4 (5 0 -ATGCTGCTTACATGTCTCGATC-3 0 ). The relative expression levels of CXCL9/Mig and CXCL10/IP-10 mRNA were calculated using the comparative C T method [14] using macaque M5600 as the calibrator.
2.6. P. carinii mitochondrial rRNA subcloning, sequencing
The large subunit of the mitochondrial ribosomal RNA was amplified from an existing cDNA clone (kindly provided by Dr. K. Norris, University of Pittsburgh), using previously described primers [15] . The amplified product (364 bp) was subcloned into the pGEMT vector and DNA sequenced.
In situ hybridization and immunohistochemistry
In situ hybridizations (ISHs) and simultaneous ISH and immunohistochemistry (IHC) were performed as described [11] using macaque-specific sequences for detection of cytokine mRNAs (plasmids kindly provided by Dr. F. Villinger, Emory University) or for detection of chemokine mRNAs, as described [11] .
Statistical analyses
Student's t-tests, ManneWhitney nonparametric tests, and Pearson's correlation analyses were performed using the Minitab software package.
Results
Microarray identification of IFN-inducible genes as upregulated in rhesus macaque lung tissue during SIV infection
To better understand changes that occur in pulmonary tissues during pathogenic SIV infection, we sought to identify genes that were differentially expressed in the lungs of SIV/Del-taB670-infected rhesus macaques during the course of infection. The animals from which tissues were obtained for these studies (Table 1) have been previously described [7, 11] . Lung tissue RNAs from uninfected macaques and SIV-infected macaques developing AIDS were pooled by disease state and analyzed using a high-density cDNA microarray. Two rhesus macaques with AIDS and two uninfected controls [11] were included in this initial analysis.
Of the 9100 cDNA targets analyzed, 95.5% were less than 2-fold different in relative expression level between tissues from uninfected macaques and macaques with SIV-associated AIDS. Twenty-four genes were upregulated 2-fold or more during AIDS ( Table 2 ). Of these, 10 were inducible by type I or type II interferons (IFNs) and four were chemokines. Interestingly, three of the upregulated genes encoded genetically and functionally related chemokines (CXCL9, CXCL10, and CXCL11), which are all IFN-g-inducible and signal through chemokine receptor CXCR3 [16, 17] . Notably, these included the most upregulated mRNA observed (CXCL10, 5.7-fold). The other upregulated mRNAs can be induced by IFN-a/b and other type I interferons and encoded myxovirus resistance A and B, IFI-56K, guanylate-binding protein 1, and 2 0 e5 0 oligoadenylate synthetase gene products. In addition, 21 genes were downregulated 2-fold or greater during AIDS ( Table 2) . Of these genes, the six most downregulated genes encoded acute phase, inflammatory response proteins, including albumin, fibrinogen a and b polypeptides, serum amyloid A2, hemopexin, and haptoglobin.
We also used an immunologically focused human cDNA filter array to measure changes in gene expression in macaque 
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lung tissues using the same total RNAs, as well as a pool of lung total RNAs obtained from five rhesus macaques acutely infected with SIV/DeltaB670. Genes that were differentially expressed, as defined as a 2-fold or greater increase or decrease in mRNA expression, are presented in Table 3 . Twenty genes were upregulated during AIDS and an overlapping subset of 20 genes were upregulated during acute infection, whereas seven genes were downregulated during AIDS, five of which also completely comprised the set of genes downregulated during acute infection. The upregulated genes encoded proteins involved in chemotaxis (CXCL9, CXCL10, CCL2 and CCL19), TNF/R superfamily signaling (LIGHT and TNFR II), cell adhesion (integrin-b4, EpCAM, and L-selectin), angiogenesis (ephrins A2 and A3) and cytokine signaling (IFN-g R2, IFN-a/b Ra and GM-CSF). Interestingly, CXCL10/IP-10 and CXCL9/Mig were both among the 10 most upregulated genes during AIDS, concordant with the high-density microarray data ( Table 2 ). Using this cDNA array approach, upregulation of chemokine mRNA expression was not observed in lung tissues of acutely infected macaques relative to uninfected controls.
Confirmation of CXCR3 ligand upregulation in lung tissues during SIV infection via development of a rhesus macaque-specific cDNA microarray
To allow analysis of individual lung RNA samples and to follow-up on mRNAs identified as differentially expressed using the human arrays, we fabricated a microarray using macaque cDNAs. This initial collection of cDNAs represented ND, not determined. a These animals have been described previously [11] , including their plasma viral loads, and this information has been included here for comparative purposes.
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151 rhesus macaque genes, including seven housekeeping genes, which were used for normalization. Of the 151 rhesus macaque cDNAs on the array, several major classes were represented, including chemokines and chemokine receptors, cytokines, dendritic cell (DC) and natural killer cell (NK)associated genes, and lymphocyte-associated genes. Each of the individual cDNA samples generated from macaque lung tissue RNAs was labeled with Cy5 and simultaneously hybridized with a common reference cDNA labeled with Cy3 and comprised of a pool of total RNAs from uninfected macaque lung tissues. Table 4 shows the changes in lung mRNA expression for all genes determined to be differentially expressed. Genes were included in Table 4 if the ratios of the group (disease state) mean expression levels were !1.5 or if statistical comparisons between disease states yielded a P-value <0.05 for at least one of the disease state comparisons. The data for a subset of these genes have been shown for individual macaque lung RNA preparations in Fig. 1 . Use of this macaque cDNA microarray confirmed that mRNAs encoding all three CXCR3 ligands were upregulated in lung tissues of macaques that progressed to AIDS, relative to uninfected controls ( Fig. 1 ). To compare these data to the data obtained using the two human cDNA arrays, we determined the mean fold-increases in mRNA expression by disease state including only the same animals used for the human cDNA array studies. The ratios below each gene product designation in Fig. 1 were calculated using the mean values of all macaques within each disease group, or using the mean values of the subset of macaques (two uninfected and two AIDS) from which the data in Tables 2 and 3 were generated.
During AIDS, six mRNAs were upregulated by 2-fold or greater, although due to animal-to-animal variability these differences were not statistically significantly different. During acute infection no mRNAs were upregulated to this extent, yet four mRNAs were nevertheless upregulated based on statistical comparisons (Table 4 ). Interestingly, four of the six most upregulated genes were chemokines ( Table 4 ). By all three array approaches, mRNAs encoding CXCL9/Mig and CXCL10/IP-10 were consistently among the most differentially expressed mRNAs. The data for mRNAs encoding CCL18/PARC and CD20 were included in Fig. 1 for comparative purposes. Comparing group means revealed a 3.17-fold increase in mRNA encoding CD20, although this was clearly contributed by one animal (M5799) that was determined to have a disseminated B-lymphocytic lymphoma. There were no genes differentially expressed when comparing lung samples from acutely SIV-infected macaques to those of uninfected controls. These data are concordant with the previous array data revealing the potent upregulation of mRNAs encoding CXCR3 ligands during AIDS.
Quantitation of IFN-inducible mRNA levels using real-time RT-PCR analysis of lung tissues
To further measure the extent of differential expression of genes identified by the three cDNA array analyses, we developed real-time RT-PCR assays specific for a subset of these genes. In the group of acutely infected macaques, the CXCL9/Mig mRNA expression levels in lung tissues were not different from those in the pair of uninfected controls (Fig. 2) . However, in macaques that developed AIDS, CXCL9/Mig mRNA was expressed from 1.7-to 59.4-fold higher than the uninfected calibrator, with a mean of 22.5fold (Fig. 2) . Macaques M1799 and M5199, RNAs from which had been pooled for analysis using the two commercially available arrays, displayed high CXCL9/Mig expression levels, which were 10.9-and 59.4-fold higher than the uninfected calibrator (Fig. 2) , respectively. In acutely infected macaques, the CXCL10/IP-10 mRNA expression levels were from 1.7-to 5.8-fold higher (mean of 3.4-fold) than the uninfected calibrator, whereas in macaques that developed AIDS the increases were from 2.0-to 15.3-fold (mean of 8.4-fold; Fig. 2 ). As with CXCL9/Mig, macaques M1799 and M5199 displayed high CXCL10/IP-10 mRNA expression levels with an upregulation of 10.7-and 15.3-fold compared to uninfected macaques (Fig. 2) , respectively. Finally, concordant with the CXCL9/Mig and CXCL10/IP-10 expression levels, IFN-g 
a Ratio of normalized signal intensities for AIDS vs. uninfected macaque lung tissue RNAs. The lung tissues examined were from the same animals as in Table 2 . The gene products noted in bold were found to be differentially expressed during both acute infection and AIDS. b Ratio of normalized signal intensities acute vs. uninfected macaque lung tissue RNAs. The specific animals are noted in Section 2.
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mRNA levels were increased 2.6-fold during acute infection and 5.9-fold during AIDS (Fig. 2) .
In addition to these highly upregulated, IFN-g-inducible chemokines, we also examined the changes in expression of additional mRNAs which the cDNA arrays indicated either did not change or were up-or down-modulated during SIV infection. These analyses were of mRNAs encoding MxA, CD27, and albumin mRNAs, and revealed that similar to our findings with the cDNA microarrays, mRNA for MxA was upregulated during AIDS and acute infection, and mRNA for CD27 was neither up-nor downregulated to an appreciable extent in macaque lung tissues (Fig. 2) . Decreased expression of mRNA encoding albumin was observed, due to the effects of two animals during both acute infection and AIDS (Fig. 2) , consistent with the downregulation indicated by the highdensity human cDNA array analyses ( Table 2 ). In summary, real-time RT-PCR analyses were highly concordant with the cDNA microarray data for the subset of genes examined and further indicate that mRNAs encoding CXCR3 ligands are highly upregulated, particularly during AIDS.
Macrophages are the predominant source of induced CXCR3 ligand production in lung tissues
Given the consistent upregulation of a subset of chemokine mRNAs among the three cDNA array analyses, and their roles in inflammation, we focused next on their expression patterns within tissues by using in situ hybridization (ISH) with genespecific [ 35 S]-labeled riboprobes. Expression of the three CXCR3 ligand mRNAs was minimal in lung tissues from uninfected and acutely infected macaques, but was upregulated in nearly all animals with AIDS (Table 4 ). In uninfected and 
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acutely infected macaques, CXCR3 ligand mRNA þ cells were rare and generally scattered throughout the interstitium, and to a lesser extent in alveolar spaces. In animals with AIDS, cells expressing these chemokine mRNAs were not only similarly scattered throughout the tissue, but also localized to larger focal collections (Fig. 3A) . The ISH signal intensity of CXCL 11/I-TAC mRNA was lower relative to CXCL9/Mig and CXCL10/IP-10 (Table 4 ). In contrast, the patterns of expression of CCL18/PARC were generally high, regardless of disease state. Finally, simultaneous application of immunohistochemistry for CD68 and ISH for chemokine mRNA revealed that CXCL9/Mig mRNA þ cells were predominantly CD68 þ monocytes/macrophages (Fig. 3D ).
CXCR3 ligand induction in macaque lung tissues is linked with local IFN-g and P. carinii levels
To identify potential causes for the increased chemokine mRNA expression, we determined the patterns and levels of expression of cellular and pathogen RNAs within lung tissues. We first examined the distributions of cells expressing IFN-g mRNA, given that the CXCR3 ligands are inducible by this cytokine [17] . As measured by ISH and consistent with the real-time RT-PCR measurements (Fig. 2) , IFN-g mRNA þ cells were rare in all animals, although they were more abundant in lung tissues from animals with AIDS (Table 5) , consistent with the increased levels of expression of CXCR3 ligand mRNAs observed by microarray and real-time RT-PCR.
The opportunistic infections that develop within the lungs during HIV-1 and SIV infections, as well as SIV per se, can potentially contribute to induction of chemokine expression through pattern recognition receptors of the innate immune system [18] . Therefore, we determined the levels and patterns of expression of SIV and P. carinii in the macaque lung tissues. Microarray and real-time RT-PCR measurements revealed that SIV RNA levels in lung tissues were present, but not abundant ( Fig. 4A and Table 1 ). These findings were fully concordant with our previous ISH analyses [7] of lung tissues from these same macaques.
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(uninfected) lung sample (Fig. 4A ). The P. carinii microarray signal intensities for all other macaques were all less than 2fold higher than the uninfected controls (Fig. 4A ). To examine P. carinii expression directly in lung tissue sections, we developed an ISH assay for P. carinii mitochondrial rRNA. Consistent with the microarray data, ISH revealed that P. carinii rRNA was not present in uninfected or acutely infected animals, or in two of the macaques with AIDS (Fig. 4A, bottom) . Among the two macaques with P. carinii ISH signal, M5199 had low levels of P. carinii rRNA expression in three out of five lobes of lung (Fig. 4C ), whereas animal M1799 had an abundant expression of P. carinii rRNA in all five lobes of lung examined (Fig. 4D) .
To further understand the events leading to altered gene expression patterns in lung tissues during SIV infection of macaques, we performed correlation analyses among the levels of expression of the mRNAs we determined to be differentially expressed by microarray and real-time RT-PCR analyses, as well as SIV and P. carinii RNA levels. As shown in Table 6 , IFN-g, CXCL9/Mig, and CXCL10/IP-10 mRNA levels were all significantly positively correlated, suggesting that IFN-g played a major role in the induction of these chemokines. With respect to P. carinii rRNA microarray hybridization signals, only CXCL10/IP-10 mRNA levels measured by real-time RT-PCR were marginally significantly correlated. In addition, CXCL10/IP-10 and MxA mRNA levels were strongly positively correlated, suggesting that local or systemic IFN-a/b was also contributing to restructuring of the pulmonary immune environment. SIV RNA levels as measured by real-time RT-PCR were only correlated with SIV RNA levels determined by microarray hybridization. These analyses indicated that for these genes, microarray hybridization was reasonably quantitative and concordant with the more robust quantitative nature of real-time RT-PCR. These analyses also strongly suggest that the host immune response, in this case local IFN-g mRNA levels and local or systemic IFN-a/b levels, as opposed to local SIV replication per se, are driving local CXCR3 ligand expression patterns. In addition, local opportunistic pathogens, such a P. carinii, might also play a direct or indirect role in stimulating local chemokine production.
Discussion
Pulmonary complications and pathology are frequent outcomes of HIV-1 infection [2] , and obtaining an increased understanding of the immunologic alterations that occur in the lungs during HIV-1 infection will be important for the rational development of additional strategies for the treatment of these complications. Using the SIV/macaque model of HIV-1 infection and disease, we sought here to identify genes differentially expressed in lung tissues during SIV infection and AIDS. Using cDNA microarray hybridization, we identified IFN-stimulated genes (ISGs) as the most prominent class of mRNAs that were upregulated in lung tissues during the early 800  801  802  803  804  805  806  807  808  809  810  811  812  813  814  815  816  817  818  819  820  821  822  823  824  825  826  827  828  829  830  831  832  833  834  835  836  837  838  839  840  841  842  843  844  845  846  847  848  849  850  851  852  853  854  855   856  857  858  859  860  861  862  863  864  865  866  867  868  869  870  871  872  873  874  875  876  877  878  879  880  881  882  883  884  885  886  887  888  889  890  891  892  893  894  895  896  897  898  899  900  901  902  903  904  905  906  907  908  909  910 911 912
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and late stages of infection. Among these ISGs, the IFNg-inducible chemokines that signal through CXCR3 were consistently and strongly upregulated and we therefore closely examined the levels and patterns of expression of these inflammatory molecules.
To identify mRNAs differentially expressed in macaque lung tissues during the course of pathogenic SIV infection, we used three different microarrays. Using the human cDNA arrays we measured the relative mRNA expression levels between lung RNAs pooled by disease state, whereas with our custom-fabricated macaque array we measured the relative mRNA expression levels between individual macaques. Our results do not resolve the issue as to whether examination of pooled or individual RNA preparations is preferable, although they demonstrate that differences between pooled RNA preparations can result from extreme RNA expression levels in a subset of animals within groups.
All three of our microarray approaches revealed that the mRNAs encoding inflammatory chemokines CXCL9/Mig, CXCL10/IP-10, and CXCL11/I-TAC were consistently among the most highly upregulated genes in macaque lung tissues during SIV infection, out of the nearly 10,000 genes examined collectively. Increased CXCL10/IP-10 levels have been demonstrated during HIV/SIV infection in such compartments as plasma [19] , PBMC [20] , brain [21, 22] and lymph nodes [13, 23] . Here we found that increased expression of CXCL9/ Mig occurred predominantly in CD68 þ macrophages, concordant with the findings that CXCL10/IP-10 is upregulated in macrophages in lungs in the SHIV/macaque model [24] . The CXCL9-11 chemokines are ligands for CXCR3, which is expressed on activated T-lymphocytes, particularly those that are type-1 polarized [25] , as well as a number of other cell types such as activated natural killer (NK) cells and plasmacytoid DC. Therefore, the inflammatory consequences of MICINF2800_proof 28 April 2006 9/12 Fig. 3 . In situ hybridization detection of CXCL9/Mig mRNA in macaque lung tissues. CXCL9/Mig mRNA was detected in lung tissue sections from an SIV-infected macaque that developed AIDS (M5199), using ISH with a radiolabeled antisense riboprobe (A,B). Hybridization with the control sense riboprobe revealed no specific ISH signal (C). In (D) ISH for CXCL9/Mig mRNA was performed simultaneously with IHC staining for the macrophage marker CD68. Black speckles represent the ISH autoradiographic signal, whereas brown staining represents IHC signal. Size bar, 50 mm. 
increased CXCR3 ligand expression are likely to be complex and to affect both innate and adaptive immune responses within the lungs, which might allow opportunistic infections to gain a foothold in the lungs during development of immunodeficiency. Interestingly, the chemokine receptor, proliferation, and memory status of T cells trafficking to lung tissues differ among SIV-infected animals that progress to AIDS at normal as compared to rapid rates [26] , which could be controlled in part by chemokine profiles. The CXCR3 ligands we have found to be upregulated in the lung during AIDS are components of a positive amplification loop involving the recruitment of type 1 T-lymphocytes that produce IFN-g, which then induces expression of CXCL9-11, which subsequently fuels an ongoing IFN-g-driven feedback loop. We previously proposed that such a positivefeedback loop initiated by SIV-specific immune responses in lymphoid tissues of SIV-infected macaques contributes to the development of immunodeficiency [11] . Similar amplification loops might also be operating in pulmonary tissues. Key differences in these compartments, though, are the higher levels of viral replication in lymphoid tissues and the greater opportunity to encounter different opportunistic pathogens in lung tissues. One consequence of these inflammatory events will be to bring into local environments new cellular substrates for ongoing viral propagation. In addition, the constant ingress of cells that are producing matrix metalloproteinases to assist migration through tissues could lead to tissue damage and loss of barrier protection from infection. CXCR3 ligands are also antagonists for CCR3, which is expressed on type 2 T-lymphocytes and eosinophils [27] , potentially further polarizing the net cytokine environment within the lungs and reducing recruitment of eosinophils and reducing the ability to combat pulmonary infections.
In parallel with the chemokines induced by IFN-g, genes inducible by type I IFNs were also upregulated. Similar sets of genes have been shown to be upregulated in macaque brain tissues during SIV infection [28] , suggesting that the signals for induction either occur simultaneously in multiple tissues or are systemically distributed through the bloodstream. We and others [20] have shown that IFN-g is expressed locally within the lungs during SIV infection, but preliminary analyses of IFN-a mRNA expression in lung tissues from the macaques studied here suggest that IFN-a is not made abundantly within the lungs (data not shown), although other locally produced IFNs could participate in shaping the local gene expression profile. The limited levels of SIV replication we have consistently observed in lung tissues of macaques ( Fig. 4; [7] ) suggest that the local response to IFN might contribute to the ability to hold local virus replication in check, as suggested by in vivo and in vitro studies [29] .
The causes leading to the upregulation of these genes are not entirely clear, but are undoubtedly multifactorial. The nature of the innate and adaptive immune responses in the lung tissues of these animals must be a contributing factor to changes in the pulmonary gene expression profile. In support of this, we identified strong correlations between the levels of IFN-g and CXCR3 ligand mRNAs. Similarly, although we have not yet identified the source of type I IFNs, the induction of genes responsive to IFN-a/b indicates that these innate immune cytokines also play a role in shaping the differential gene expression profiles in lung tissues during SIV infection. One potential source of type I IFN is the abundant network of lymphoid tissues, which in these animals [13] and in others [30] have increased expression of IFN-a mRNA. In addition, upstream inducers of type I IFNs include pathogenassociated molecular patterns (PAMPs) that signal through 
germline-encoded Toll-like receptors [18] , and therefore SIV, P. carinii and other microbes could contribute to the upregulation of the ISGs, particularly if overall immunodeficiency of the host allows pulmonary microbes to colonize and replicate in the lungs. Although we did not observe an absolute association between levels of P. carinii rRNA, the group of animals with AIDS as a whole had the highest levels of induction of IFN-stimulated genes and additionally contained the only two macaques with demonstrable P. carinii rRNA. In addition, the only host mRNA correlated with P. carinii rRNA levels was CXCL10/IP-10. Consistent with our findings, induction of CXCL10/IP-10 in macaques infected with SHIV is associated with the development of pneumonia [24] . Therefore, both the strength and nature of the host immune response and the constellation of microbes in the local environment likely create a set of signals that alter host gene expression profiles.
These findings have implications for the treatment and prevention of HIV-associated pulmonary complications. There is clearly a need to continue to chemotherapeutically target HIV-1 and microbes that opportunistically expand during immunodeficiency. Immune maintenance and restoration following antiretroviral therapy will continue to be invaluable in thwarting HIV-1 associated pulmonary complications. The increased expression of IFN-g and the CXCR3-signaling chemokines it induces suggests that immunotherapies targeted toward these immune mediators might reduce potentially damaging inflammation in lung tissues. However, immunotherapeutic strategies designed to correct these activities represent a difficult challenge, in that there is likely a balance between the level of a component of an immune response that is providing benefit to the host and an excessive level of that response that is contributing to pathogenesis. Preclinical models of these complex processes, such as the SIV/macaque model, will be required to precisely determine the relative benefits and risks of therapeutically targeting these types of inflammatory immune responses. Table 6 Correlations between relative mRNA expression levels in rhesus macaque lung tissues during SIV infection Gene-specific mRNA The measurements of mRNA expression that were compared were obtained by real-time RT-PCR, unless indicated in parentheses for those obtained by cDNA microarray hybridization. b Shown here are those comparisons for which P < 0.05 or for which the Pvalue was close to 0.05.
